is an open access repository that collects the work of Arts et Métiers ParisTech researchers and makes it freely available over the web where possible. The CrAlN coatings are a good alternative to conventional CrN coatings especially for high temperature oxidation-resistance applications. Different CrAlN coatings were deposited on silicon (100) by PVD (Physical vapor deposition) technique from two targets (chromium and aluminum) in a reactive nitrogen atmosphere at aluminum applied negative voltage (À300, À500, À700 and À900 V). The composition, structural, mechanical and thermal properties of the as-deposited coatings were systematically characterized by energy dispersive analysis of X-rays, X-ray diffraction, nanoindentation, and the ''Mirage effect'' experiments. The X-ray diffraction (XRD) data show that in general CrAlN coatings were crystallized in the cubic NaCl B1 structure, with the (1 1 1) and (2 0 0) diffraction peaks observed. Two-dimensional surface morphologies of CrAlN coatings were investigated by atomic force microscope (AFM). The results show that with increasing aluminum proportion the coatings became more compact and denser and their increased correspondingly, showing a maximum hardness of about 36 GPa (30 at% of Al) which is higher than that of CrN. Moreover, the results in this work demonstrate that the variation of aluminum fraction alter the resulting columnar grain morphology and porosity of the coatings. However, the thermal properties are greatly affected by these morphological alterations. The correlation between aluminum fraction in CrAlN coatings and its thermal properties revealed that the conductivity and the diffusivity are influenced primarily by size and shape distribution of the pores and secondarily by a decrease of the stitch parameter dimension.
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Introduction
As a kind of hotworking mechanical pieces, AISI4140 steel undergoes wear caused by mechanical contact action under a high pressure, corrosive attack, thermal cycling, high temperature corrosion (oxidation), and very large surface loads. The use of PVD hard coatings such as TiN, CrN and TiAlN, in order to improve the lifetime of mechanical parts is a well-known approach. Hard coatings can protect the steel surface very efficiently from physicochemical attacks and delay the formation and propagation of thermal and mechanical cracks [1] . In recent years, chromium aluminum nitride (CrAlN), a ternary nitride obtained by incorporating Al into transition binary CrN thin coatings, has been intensively investigated [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . CrAlN coatings have been reported to exhibit good oxidation-resistance with no compositional and structural changes after annealing at 800 C [5] and at 900 C [8] , as both the chromium and aluminum could form protective oxides which suppressed diffusion of oxygen in the bulk. In addition, CrAlN also exhibits thermal conductivity lowers than that of CrN, good tribological properties and high hardness [6, 7] . Therefore, CrAlN coating is a good candidate as an alternative to conventional Vacuum CrN coatings, especially for high temperature oxidation-resistance applications.
In this work, thin CrAlN layers were deposited onto silicon (100) substrate using an unbalanced magnetron sputtering technique. The effect of aluminum content on morphology and structure was investigated. The thermal and mechanical properties of the as-deposited coatings were determined. The failure mechanism and the relationships between the thermal properties, such as diffusivity and conductivity, and the density behavior were discussed.
Experimental
A thin film layer of CrAlN is deposited onto samples of silicon, with different aluminum (Al) atomic percent. The film deposition was carried out by a dual RF magnetron sputtering system (NORDIKO type 3500-13.56 MHz) from two targets of high purity (99.999% at Cr, 99.999% at Al) with 10 cm of diameters. Prior to deposition, the samples were polished and then cleaned with acetone in an ultrasonic container for 15 min. Subsequently, they were rinsed in deionized water, dried and stored in desiccators prior to coating deposition. The targets were sputter cleaned for 5 min. Then the samples were sputter-etched with argon ions (10 mbar, applied bias voltage À500 V) for approximately 10 min to remove surface oxide and pollution. All of the two targets were sputtered using RF (Radio Frequency) power. During deposition, the substrate temperature was 150 C. The sputtering power applied onto Al targets and Cr targets was varied between 3.6 kW and 2.4 kW, respectively. Table 1 lists the principal deposition parameters of the CrAlN coatings. Very high purity Nitrogen was introduced into the vacuum chamber. The pressure in the deposition chamber was 10 À6 mbar. The distance between the target and surface backing was 10 cm. Moreover, the samples were mounted on a continuously rotating planetary holder inside the vacuum chamber. The atmosphere was chosen in order to produce a CrAlN layers. The composition of the as-deposited coatings was measured by energy dispersive analysis of X-rays (EDX), which is attached to a scanning electron microscope, at 10 keV and the INCA quantitative analysis software. Alumina and chromium were used as the reference materials for quantitative analyses. The coating structure and residual stresses were analyzed by X-ray diffraction (XRD) which was performed on a Philips X-ray diffractometer in a q-2q scanning mode using CuK a radiation (40 kV, 30 mA). The scanning step size and the counting time at each step were set as 0.05 and 10 s, respectively. micro-hardness of the coatings was measured using a Nanotest 550 nanoindenter equipped with a Berkovich diamond indenter (a three-sided pyramid) .The maximum indentation depth was set at 150 nm, which is less than one tenth of the coating thickness, and therefore the substrate effect on the measured microhardness can be neglected [12] . The micro-hardness measurements were calibrated using a fused silica standard sample with hardness around 8.8 GPa, and the maximum indentation depth for calibration was also set at 150 nm. For each sample, eight points were measured and the average micro-hardness and standard deviation were obtained. The residual stress was determined using the Newton method. This method is based on the principle expressed by Stoney [13] . The coating surface morphology and surface roughness were examined by atomic force microscope (AFM).
Finally, the thermal properties are determined by the ''Mirage effect'' [14, 15] . This method consists of heating a sample with a modulated light beam of intensity
where f is the modulation frequency ( Fig. 1) [16] . The warmth absorbed diffuses in the surrounding fluid producing a refractive index gradient. A probe laser beam skimming the surface sample which passes into the refractive index gradient zone undergoes a deflection noted as j. This deflection is related to the surface temperature and to the thermal properties of the sample and the various neighboring media.
The CrAlN coating is deposited on a (100) silicon (Si). Before the determination of his thermal properties, the probe beam deflection is deduced using the heat equation in all media and using the beam radius equation in inhomogeneous refractive index medium. We then obtain the following expression:
Where T 0 is the temperature on the sample surface. with 
and
jJj and 4 amplitude and phase of the probe beam deflection. jT 0 j and q are respectively the amplitude and phase of the sample's surface temperature.
The experimental set-up shown on ( Fig. 2 ) is described in detail in ref [14] [15] [16] ; it is composed of a halogen heating lamp, a laser probe beam, a photo-detector position sensor and a look-in amplifier. The light coming from the halogen lamp is modulated by a mechanical chopper. A laser prop beam skimming the sample surface is deflected. Its deflection is measured by a position photodetector sensor. Table 2 summarizes the different properties of the synthesized CrAlN coatings. The Al content in CrAlN films varies between 0 and 30%. We can note that in the CrAlN deposited films, the hardness varies between 16 and 36 GPa which exceeds the hardness of the conventional Cr-N system, which is approximately of 9.3 GPa [17, 18] . Besides, a high Young modulus (which varies between 400 and 460 GPa) has been measured compared a bulk CrN (256 AE 8 GPa) [18] , the same results were obtained by Kim and Lee [19] .
Results and discussion

Mechanical properties of deposited layers
The relationship between the residual stress and the aluminum applied voltage was synthesized; the mean of the compressive residual stress value is about À2 MPa. It can be seen that all the samples exhibit contract stress and the value of residual stress increases with the increasing of aluminum applied voltage. The sample deposited at À900 V has the highest compressive residual stress with a value of À3.6 MPa. The CrAlN thin films were deposited at the same temperature, so the thermal stresses of all the thin films were presumed to be the same.
Differences of the residual stresses may be ascribed to the variations of intrinsic and extrinsic stresses [20] . Various models have been invoked to explain the origin of intrinsic stress [21, 22] . From these literature data, the magnitude of intrinsic stresses in PVD films is found to be related to their microstructure, i.e., morphology, texture, grain size depicted by the structure-zone diagrams. The grain boundary relaxation (GBR) model proposed by Hoffman [22] can account for the increase of residual stresses, which is due to crystallite sizes decrease. However, low residual stresses (between À1 and À3.6 GPa) as obtained by Reiter et al. [23] were determined, which promotes good adhesion of the CrAlN layers. In addition, these low residual stresses will enable us to deposit thick films (between 1.8 and 3 mm), which reduces cracks produced by alternating and thermal stresses, and leads to good mechanical and tribological properties [6] .
Micro-structural and morphological characterization
The mean Al to Cr atomic ratio determined by the EDX analyses in the as-deposited CrAlN coatings as a function of the applied voltage onto the aluminum target. It is as expected that the Al/Cr atomic ratio in the coatings increased monotonically with the increase of the aluminum applied voltage. It was noted that for each coating sample, the Al/Cr atomic ratio is much lower than the current ratio. This fact could be ascribed to the formation of an insulating AlN layer on Al cathode surface during coating deposition. The maximum Al/Cr atomic ratio in the as-deposited coatings is about 0.7, beyond which no complete coatings could be deposited. The measured nitrogen content in all of the as-deposited CrAlN coatings was about 35%, as shown in Fig. 3 . Fig. 4 shows the morphology of CrAlN layers determined by aluminum applied voltage À500 V and À900 V respectively. In general, the layer growth begins with the arrival of the aluminum and chromium atoms, where it will have formation of matter into small islands by nucleation and growth. Hones [24] schematized this process of deposit as the growth of columns that take on the shape of cones of various diameters. For the first atomic layers (low thicknesses of the deposit), we are in presence of closer columns relatively identical and stuck, who causes its progressive thickening. This observation by SEM on a cross-section shows that the columns are perpendicular to the backing surface (Fig. 4 A) . In contrast the coating with highest aluminum applied voltage (Fig. 4 B) shows a finer and denser isotropic structure. The change in coating structure can be explained by considering Thornton's deposition model [25] . The assumption is that due to the reactive heat, atom mobility is increased; leading to a denser isotropic structure. Fig. 5 shows the XRD diffractogram of the as-deposited CrAlN coatings. All coatings were well crystallized. Besides the XRD peaks arisen from the Si substrate (marked as Si in the figure), other two evident peaks at around 2q ¼ 37.5 and 43.6 could be attributed to the rocksalt-type cubic phase CrN (111) and (200), respectively, similar to Ref. [26, 27] . Generally, the intensity of all these two diffraction peaks increased, implying an increase in coating crystallinity, gradually with increasing aluminum fraction. This fact could be attributed to the lattice distortion caused by aluminum incorporation. The dependence of CrN (111) peak position on the aluminum fraction can be noted. Another side, it is important to note the appearance of peak (111) of CrN, well-defined net at 13% of Al and net at least 28%. The EDS analysis of these films shows that these CrAlN points report N/Cr is lowest, then it is estimated that these films consist of nanocrystals of CrN/AlN, which also reflected in the morphology by a dense structure.
The CrN (111) peak shifted to the higher angle side, indicating a gradual decrease of lattice parameters with increasing aluminum fraction except for the very weak peak at 30% of Al. This phenomenon indicates the formation of the pseudo binary alloy CrAlN and the lattice shrinking fact could be ascribed to the replacement of chromium atoms by the smaller aluminum atoms. On one hand, this fact could be interpreted as the substitution of Cr atoms with the smaller Al ones, which results in the contraction of the CrN lattice. On the other hand, from Ref. [26] , it is noted that the position of this peak coincides well with the hexagonal aluminum nitride h-AlN (004) reflection when the Al/Cr atomic ratio is greater or equal to 1.6, therefore this peak's shift to a higher angle side could also be partially related to phase separation of h-AlN from the supersaturated solid solution of CrAlN. Although the maximum Fig. 3 . Atomic percentage evolution with aluminum applied voltage, À900 V, À700 V, À500 V, À300 V and 0 V (the thickness of the coating layers is correspondingly: 3 mm, 2.7 mm, 2.5 mm, 2.1 mm and 1.8 mm). solubility of AlN in cubic CrN has been predicted to go as high as 77 mol% [28, 29] ; the supersaturated CrAlN phase is thermodynamically metastable and the actual solubility limit strongly depends on the deposition conditions [30, 31] . Moreover, it was found that with the incorporation of Al into the CrN coating, the full width at half maximum (FWHM) of the (111) diffraction peak increased, indicating an decrease of crystal size in the CrAlN coating in comparison with that in the CrN coating, meanwhile the coating hardness was significantly enhanced due to the solid solution hardening effect. As shown in Fig. 5 , the diffraction peak position of CrN (200) moves to the right as the aluminum applied voltage increases and the interplanar distance decreases. The decrease of interplanar distance (or increase of 2q) implies the increase of compressive residual stress. This is because tensile stress parallel to the surface causes vertical contraction of the film in the q-2q mode of XRD measurement and leads to a decrease of interplanar distance, which is parallel to the surface. Therefore, the evolution of residual stresses can be explained by above factors responsible for compressive residual stress generation appear to be more and more active with the increase of aluminum applied voltage.
From the analysis of residual stress mentioned above, the reason for increases of compressive stress with the aluminum fraction is the variation of intrinsic stresses and extrinsic stresses. As can be seen in Fig. 5 , the preferential orientation change is evident. In our case, all the films are apt to show a (200) texture at high aluminum fractions except (111) texture at lower aluminum fractions (13% of Al). So this evolution is difficult to understand, all the more so as the authors have found that, under some given conditions (substrate temperature and deposition rate [32] , or film thickness [33] ), the coatings would present a preferential orientation corresponding to the crystallographic planes which have the highest reticular density. For cubic CrAlN structure, the order of reticular increase is (111) < (200). The texture modification observed when aluminum fraction varies can certainly be attributed to the intrinsic stress evolution in the films. Therefore, this lower compressive stress can explain the development of the texture built on less dense (111) planes including higher number of point defects and the higher stress results from the deposition along (200) orientation with a dense structure. So the evolution of residual stress can be ascribed to the complicated structure variation of CrAlN thin films.
Two-dimensional surface morphologies of CrAlN coatings deposited at different aluminum applied voltage were measured by AFM (Fig. 6) . With increasing aluminum applied voltage, the coating became more compact and denser. The overall surface roughness values of CrAlN coatings deposited at different negative substrate bias voltages are summarized in Table 2 . Coating surface roughness increased with an increase of aluminum applied voltage. The change in coating surface roughness and morphology can be explained by the ion energy/ion flux change. The increase of aluminum applied voltage results in an increased mobility of the atoms and a higher nucleation density [34] . Consequently denser coatings can be formed, as can be seen in Fig. 6 B. In addition, the highly mobile adatoms can move or diffuse into the inter-grain voids under the high energy ion bombardment and a denser structure is attained [35] [36] [37] .
Thermal properties
In order to determine the thermal properties of the CrAlN layers, we plotted into Fig. 7 the experimental variation of phase and Fig. 7 . Normalized amplitude and phase evolution of the photo thermal signal vs the square root frequency of the deposited CrAlN layers obtained at À300 V (A) and À900 V (B)
(the thickness of the coating layers is correspondingly: 1.8 mm and 3 mm).
normalized amplitude of the PDT signal versus the square root modulation frequency. The difference between these curves is attributed to the difference of their thermal conductivity and thermal diffusivity. Using the theoretical model presented in ref [14, 15] , one can deduce both thermal conductivity and thermal diffusivity parameters (K, D). The coincidence between experimental and theoretical curves is obtained for a known and unique value of K and D. On (Fig. 8) are plotted the thermal conductivity and the thermal diffusivity versus the aluminum applied voltage. The conductivity and thermal diffusivity of CrAlN coatings decrease gradually if the aluminum fraction in the layers is increased (aluminum applied voltage increases in absolute value), and finally moves towards stabilized values 2.8 W m À1 K À1 for thermal conductivity and 4 Â 10 À7 m 2 s À1 for thermal diffusivity.
The thermal properties become constant for a percentage of aluminum higher than 28% (bias < À700 V) which may be explained by a stabilization of the crystalline structure. The same result is already proved in the determination of the morphology and residual stresses [30, 31] . Moreover, to investigate the reason for the lower thermal conductivity, the microstructure of the coatings was observed by SEM (Fig. 4) . For the coating with addition of 13% (À500 V aluminum applied voltage) of aluminum, the column shows a relatively dense structure although featherlike sub-column pores are also observed. In contrast, a finer distribution of feather-like sub-column pores is found in the coating containing is about 30% (À900 V aluminum applied voltage) of aluminum, which would contribute to a reduction in thermal conductivity [38] . It is known that nanostructures of PVD films are formed by rotating substrates during deposition. The substrate rotation leads to the continuous change in the incidence angle of aluminum vapor, resulting in the formation of columnar grains as well as feather-like pores [39] . However, we interpret the decrease in thermal conductivity with aluminum fraction by the decrease of the phonon mean free path l. As the phonon may be considered like a quasi-particle which obey the kinetic theory of gases, then the thermal conductivity related to the phonon mean free path l by through the following expression [14, 15] .
where, n is the mean speed of the particles of a diluted gas at room temperature whose value is : n ¼ 3500 m s
À1
. Moreover, the relationship between the thermal conductivity and the thermal diffusivity give the specific heat volumic (r c), which is inversely proportional to the porosity. In this work, the evolution of the latter based on the fraction of aluminum in CrAlN layers. This gives an idea on evaluating desired porous coatings (Fig. 9) .
Developments of specific heat volumic (rc) depends on the aluminum applied voltage is a curve which stabilizes at the extreme conditions (28% up to 30% of aluminum), which indicates low porosity. Hence, when the aluminum fraction increases in CrAlN layers, the porosity will be reduced. This can be explained by the effect of mesh parameters, the amorphous structure, and the role of crystalline defects on the intrinsic properties (plasticity, reactivity, diffusivity .).
Conclusion
In the present work, the investigation of micro-structural and mechanical properties of CrAlN coating deposited on silicon substrate and specially the effect of the aluminum proportion on their physical properties were presented 1. The mean Al to Cr atomic ratio increased with increasing aluminum applied voltage. All films crystal phase, and both the crystal orientation and the crystallite size depended on deposition parameters and various aluminum content. 2. All the CrAlN films exhibited compressive stress depends on varying aluminum content. Generally, the value of residual stress increased with increasing of aluminum fraction, this is proven by the value of the compressive residual stresses that can reach up to 3.6 GPa for 30% of aluminum. Therefore, the CrAlN films present many important mechanical properties (the Young modulus and hardness). For an aluminum fraction of 30%, these parameters are respectively 36 GPa and 460 GPa. This improves the layer adhesion to the substrate. 3. The thermal properties of CrAlN coatings decreased gradually with decreasing aluminum percentage until a saturation level of 28% and 30% of aluminum is reached. 4 . The specific heat volumic shows that the porosity of the CrAlN layers decreases by increasing the aluminum content and then stabilizes for an aluminum fraction of about 20% of aluminum. Fig. 8 . Thermal properties evolution versus aluminum applied voltage: À900 V, À700 V, À500 V and À300 V (the thickness of the coating layers is correspondingly:
3 mm, 2.7 mm, 2.5 mm and 2.1 mm). . Volumic specific heat evolution versus aluminum applied voltage: À900 V, À700 V, À500 V and À300 V (the thickness of the coating layers is correspondingly:
This can be attributed to the reduction in the cell parameters and the crystalline defects present in the CrAlN layers. The specific heat volumic of these coatings is principally influenced by the shape of the pores and secondarily by the pore surface area available at the cross section perpendicular to the heat flux. 5. The analysis of experimental results explains that the evolution of thermal properties and residual stress can be attributed to the variation of microstructure in CrAlN thin films as a function of aluminum fraction and deposition parameters.
